The asymmetric Higgs sector of one SU (2) L × SU (2) R bidoublet (φ 0 1 , φ
Introduction
In the nonsupersymmetric SU(3) C × SU(2) L × SU(2) R × U(1) B−L extension of the standard SU(3) C × SU(2) L × U(1) Y model (SM) of particle interactions, the Higgs sector must be enlarged from the one SU(2) L scalar doublet of the SM. There are several ways to do this, as discussed comprehensively in Ref. [1] . In the canonical approach, a Higgs triplet is used to break SU(2) R at a large scale, and ν R gets a large Majorana mass. A Higgs bidoublet is then added to break SU(2) L , and all fermions obtain Dirac masses, with ν L getting a small seesaw mass. In this scenario, the SU(2) R breaking scale is presumably beyond the reach of present accelerators, such as the Large Hadron Collider (LHC). Even if we try to lower this scale, the canonical model has severe difficulties with flavor-changing neutral currents,
in contradiction with what is experimentally observed.
The purpose of this paper is to elaborate on a simple alternative [1] , where the SU(2) R breaking scale may be lowered to 1 TeV, using the inverse seesaw mechanism for neutrino mass [2, 3, 4, 5] . We choose a Higgs sector which contains only one SU(2) L × SU(2) R bidoublet and one SU(2) R doublet [but no SU(2) L doublet]. Of course, flavor-changing neutral Higgs couplings are still unavoidable. However, as we show in this paper, a scenario exists where they are sufficiently suppressed. Since the SU(2) R charged-current mixing matrix is unknown, we consider two scenarios, where it is given either by V R = V CKM (scenario I) or V R = 1 (scenario II). We consider the bounds on the corresponding scalar particle masses from K −K and B −B mixing, as well as b → sγ. We find that, whereas in scenario I, they are of order 10 TeV, as in other left-right models, they may be well below 1 TeV in scenario II, thus allowing them to be within reach of detection at the forthcoming Large Hadron Collider (LHC).
Asymmetric Left-Right Model

Particle content and neutrino mass
The fermion content of the minimal SU(3) C × SU(2) L × SU(2) R × U(1) B−L gauge model is well-known, i.e.
ν e e L ∼ (1, 2, 1, −1/2), ψ R = ν e e R ∼ (1, 1, 2, −1/2),
where the U(1) charge is normalized to (B − L)/2 so that the electric charge is given by
is also added per family, which will have important implications for the neutrino masses, as shown below.
To obtain masses for the quarks and leptons, a Higgs bidoublet
is needed. In a nonsupersymmetric model, which is being considered here, the dual of Φ, i.e.
must also be used. To break
is added, which also linksν R with S L to form a Dirac mass m R . Since S L is a gauge singlet, it is also allowed to have a Majorana mass m S ; hence the 3 × 3 neutrino mass matrix spanning
where m D is the usual Dirac mass linkingν L to ν R through φ 0 1 and φ 0 2 . A quick look at the above shows clearly that if m S = 0, then lepton number is conserved with a linear combination of ν L and S L forming a Dirac fermion with ν R , and the orthogonal combination is exactly massless. This means that it is natural for m S to be small, thereby triggering the inverse seesaw mechanism, resulting in
Note that there is no entry in Eq. (7) linking ν L and S L because the SU(2) L Higgs doublet is absent. This is important for the validity of Eq. (8) . Instead of the canonical seesaw formula
which is small if m R is large, Eq. (8) lets m ν be small if m S is small, even if m R is not too large. Thus the inverse seesaw mechanism is suitable for bringing down the scale of SU(2) R breaking to 1 TeV, with verifiable phenomenology at the LHC. Note also that the mixing of ν L with S L is of order m D /m R which may now be nonnegligible and results in deviations from unitarity [6] of the neutrino mixing matrix.
Higgs sector
The most general Higgs potential consisting of Φ R , Φ, andΦ is given by
where all parameters have been chosen real for simplicity. Let φ 0 R = v R and φ 0 1,2 = v 1,2 , then the minimum of V is given by
where v R and v 1,2 satisfy
A solution exists where v 2 ≪ v 1 , i.e.
with
Fine tuning is of course unavoidable. In the limit v 2 = 0, the physical Higgs bosons are φ 
and three linear combinations of Reφ 
Gauge bosons
The structure of the scalar sector leads in general to both W L − W R and Z − Z ′ mixing.
The former vanishes in the limit v 2 → 0 and so will be suppressed for the above choice of vacuum expecation values. In contrast, the Z − Z ′ mixing term is proportional to v 2 1 , which is unacceptably large. To cancel this contribution, a simple possibility is to add a Higgs bidoublet X ∼ (1, 2, 2, −1) with vacuum expectation value v 3 . In that case, the choice
will lead to zero mixing at tree level; details are given in the Appendix. Note that X will not affect the ρ parameter (at tree level) in precision electroweak measurements, nor will it contribute to quark or lepton masses. In particular, it does not link ν L with S L in Eq. (7), otherwise the inverse seesaw mechanism would be invalidated. The present experimental limits on W R and Z ′ are respectively 715 and 860
GeV.
3 Flavor-Changing Processes from Neutral Higgs Couplings 3.1 General structure
Since both Φ andΦ couple to the quarks and leptons, flavor-changing interactions through the exchange of neutral Higgs scalars are unavoidable. The question is whether they can be suppressed [7] . Consider the Yukawa terms
In the limit v 2 = 0, both up and down quark masses come from only v 1 . Hence
where U L,R and D L,R are unitary matrices, with
being the quark mixing matrix for the known left-handed charged currents and that for their unknown right-handed counterparts. This means that in the basis of quark mass eigenstates, the structure of flavor-changing neutral currents through scalar exchange is determined, i.e.
for the up quarks, and
for the down quarks. Hence Reφ 
K −K and B −B mixing
We now apply Eq. (22) to K −K and B −B mixing. In the two scenarios I and II considered for the V R matrix mentioned in the Introduction, the φ 0 2 couplings are of the form:
We use the formulae presented in Ref. [8] . The mass difference of a neutral meson and its antiparticle is written in terms of its SM and other contributions:
where ∆M X = ∆M K , ∆M B d , ∆M Bs , and (∆M) X,SM denotes the SM (one-loop) contribution, and (∆M) X,N ew is everything else. In our case, the latter comes from the flavor-changing φ 0 2 couplings. The resulting expression for the mass difference is then given by
where the constant S X includes strong-interaction effects, and the coefficients P include next-to-leading QCD corrections, while the functions C denote the Wilson coefficients of the OPE expansion for the relevant hadronic matrix elements.
Let us consider first case (I) of our model, i.e. V R = V CKM . Here the Wilson coefficients
are equal:
and suppressed because the mass difference between Reφ is of the form:
which has no such suppression. In case (I), the various r's in each system are also the same:
We have also assumed for simplicity that all the V CKM entries are real.
Obviously there are large contributions coming from those terms proportional to m t or m c .
However, there is also a natural suppression for the C LL and C
This suppression persists even if f 3 and λ 4 are not neglected. We simply replace λ 3 by 
From the above, it is clear that whereas C LR is not suppressed by Eq. (32), it is much smaller than what it is in case (I), because of the smallness of r LR .
As mentioned in Ref. [8] , there are large theoretical uncertainties associated with these expressions. To make an estimate, we simply require the absolute value of the contribution of new physics to be less than the corresponding experimental value. In what follows we shall obtain bounds for the combination of parameters: Using Eqs. (27) and (28), we obtain the following general expression: Threfore the resulting bound is not sensitive to the parameter δ, and the bound on m 2 is given by
For the B −B systems, we take the corresponding parameters from the Particle Data Group [9] , so that for (B d , B s ):
These results are in agreement with [7] .
In case (II), if we take δ = 0 (i.e. only the LR contribution), we obtain a much smaller bound for the K system, i.e. m 2 ≥ 1.1 TeV. However, for the B d , and B s systems, the same procedure yields the bounds m 2 ≥ 60(900) GeV, respectively. Thus for the B d system, it seems more appropriate to consider δ = 0, in which case the bound becomes: m 2 2 /δ ≥ 3.7 TeV.
b → sγ
To evaluate the contribution of (φ 
For case (II), i.e. V R = 1, they are
The SM contribution (from W exchange) is of the forms L σ µν b R which is classified [10] as O 7 .
Using the above interactions, there is only one such contribution coming from φ 
the latter can be safely ignored. Using Ref.
[10], we find
where
, and the functions F 1,2 are given by
We now require the amplitude ratio |A 
Conclusion
We have studied in this paper a simple nonsupersymmetric left-right extension of the stan- 
and denote the neutral gauge bosons associated with SU (2) 
The photon A, the neutral gauge boson Z of the SM, and the new Z ′ are then linear combinations, determined according to
where c W = cos θ W , t W = tan θ W and the weak-mixing angle θ W and the proton charge e are defined by
In terms of these fields, the above 3 × 3 mass-squared matrix is reduced to a 2 × 2 one, spanning only (Z, Z ′ ) with entries
;
where ∆ Z is the Z − Z ′ mixing term. For the charged vector bosons, the analogous mass terms are
Note that the ρ parameter is one at tree-level, i.e. m 
The minimum value of V , which we denote by V 0 , occurs when the various neutral fields are set equal to their corresponding vacuum expectation values:
where v R,1,2,3 satisfy
Let us define
(58)
Using this notation, the vacuum expectation values have the following solution with v 2 ≪ v 1 :
where u = g R / g 2 R + 2g ′2 was introduced in (54), and v 3 is determined by that same equation. In order for (57) to be consistent with (54), the parameters in the potential must also 
There are many ways to obtain the desired hierarchy, 
The physical scalars and their corresponding masses can be obtained from the potential in a straightforward manner: there is a single doubly-charged field, 3 singly charged fields and 6
(real) neutral fields. In obtaining the various expressions we have assumed (61). The results are presented in Table 1 : they indicate that the field Re(c α φ 
